The genus Hibiscus L. includes several taxa of medicinal value and species used for the extraction of natural dyes. These applications require the use of authentic plant materials.
region, trnH-psbA, was identified as useful independent marker, and as second tier marker in the 2-tier approach to DNA barcoding (Newmaster et al. 2006; Purushothaman et al. 2014 ).
Yet the trnH-psbA marker often pose problem in sequencing due to homopolymer tails resulting in stutter peaks (Shinde et al. 2003; Devey et al. 2009 ). The recently developed noncoding nuclear DNA barcode, ITS2, is useful in plant DNA barcoding for its ability to discriminate closely related species (Chen et al. 2010 , Gu et al. 2013 Liu et al. 2014) . In the present study, we have used all these four DNA barcodes individually, and in two-and threebarcode combinations to identify a best barcode or barcode combination for species identification in Hibiscus.
Materials and methods

Sample collection
Specimens of 44 accessions belonging to 16 species of Hibiscus were collected from different parts of Tamil Nadu, Kerala, and Andhra Pradesh in the southern peninsular India (Table 1 ). The collection included three accessions from each species, except H. hirtus L. and H. trionum L., which were represented by one accession. All the specimens were identified by Dr. A. K. Pradeep, Department of Botany, University of Calicut, Kerala, India, who is an expert in Malvaceae. The voucher specimens were mounted on herbarium sheets, and deposited to the SRM University Herbarium.
DNA extraction
Genomic DNA from fresh 100 mg of leaves was isolated using cetyl trimethyl ammonium bromide (CTAB) method with minor modifications (Doyle and Doyle 1987) . The D r a f t samples were ground with 500 µl of CTAB buffer (100 mM Tris pH 8.0, 20 mM EDTA pH 8.0, 1.4 M NaCl, 2% CTAB, 2% β-mercaptoethanol and 2% PVP). The samples were transferred to 1.5 ml centrifuge tubes and the suspension was incubated at 55°C for 30 minutes. After cooling to room temperature, 500 µl of chloroform was added, mixed well, and centrifuged at 10,000 rpm for 10 minutes. The aqueous phase was transferred to fresh tubes, and an equal volume of ice-cold isopropanol was added to precipitate the DNA. The samples were centrifuged at 10,000 rpm for 10 minutes. The pellet was washed twice with 70% ethanol, air dried, and dissolved in 100 µl of TE buffer pH 8.0 (10 mM Tris, 1 mM EDTA). The DNA was checked on 0.8% agarose gel, and quantified.
PCR amplification and sequencing
The primers used for PCR amplification of the barcode markers include rbcLa:
(GAAACGGTCTCTCCA ACGCAT) (Kress et al. 2005; Fazekas et al. 2008) The amplicons were checked on 1% agarose gels, and purification was done using EZ-10
Spin Column PCR Purification Kit (Bio Basic Inc. Ontario, Canada). Samples were bidirectionally sequenced using 3130xl Genetic analyzer (Applied Biosystems, CA, USA).
Data Analysis
The sequences were edited manually using Sequence Scanner Software v. 
Results and discussion
Genomic DNA was successfully extracted from all 44 accessions represented by 16 species of the genus Hibiscus. Good PCR amplification efficiency and sequencing success rate are important for using short DNA regions as DNA barcodes for species identification (Kress and Erickson 2007; Ford et al. 2009; Hollingsworth et al. 2009 ). The ability to D r a f t perform bidirectional sequencing with little requirement for manual editing of the trace files is another important criterion for a successful DNA barcode marker. Though rbcLa was reported to give consistently good amplification and sequencing success rates, the results from other markers were highly variable (Chen et al. 2014; Krawczyk et al. 2014; Zhang et al. 2015) . Larger size of the marker (~800 bp), lack of universal primers, and problems in sequencing were reported as drawbacks of matK (Kress et al. 2007; Wang et al 2012; Zhang et al, 2012) . However, in the present study, matK was amplified and bidirectionally sequenced from all the 44 accessions. The sequence quality was good and open reading frames were found to be intact for the coding markers rbcLa and matK. As expected, there was no size variation in the rbcLa marker. Size variation was highest in trnH-psbA (491 -703 bp), followed by matK (804 -846 bp), and ITS2 (456 -478 bp).
Intra-and inter-species divergences were calculated using the four markers individually, and in two-, and three-marker combinations. Intra-species divergence was zero in species for which multiple accessions were analyzed. Inter-species divergence calculated based on individual markers and marker combinations are given in Table 2 . Among the four markers, matK was the only marker, which could differentiate all the species and the interspecies divergence ranged between 0.3 and 6.5%. In multi-locus DNA barcoding, D r a f t 8 80% of the species in different genera of Fabaceae with 100% identification in Vigna Savi (Gao et al. 2011 ).
Phylogenetic trees were constructed using the data from four markers individually, and in two-, and three-marker combinations (Fig.1, Fig.S1, Fig.2, Fig.S2, Fig.S3 ). The 16 species of Hibiscus included in the present study included 9 out of the 10 sections represented in this genus. All the sections, except Trichospermum and Bombicella, formed monophyletic clades in the trees constructed using the data from single markers. Hibiscus lunariifolius of section Trichospermum and H. platanifolius of Spatula were clustered within one clade.
Species of these two sections were reported to be closely related based on shared morphological characters (Sivarajan and Pradeep 1996) . Two-and three-marker combinations also did not resolve these two sections. The six species of section Furcaria were found to be more difficult to differentiate using individual markers. Morphologically, section Furcaria could be clearly distinguished from other sections based on distinct morphological features such as 10-costate calyx, bifurcate involucellar bracteoles, aculei on stems, and nectar glands.
However, species delimitation within this section was difficult due to overlapping morphological characters (Sivarajan and Pradeep1996). In our study, the section Furcaria formed a clade in which matK differentiated all the species but rbcLa and ITS2 differentiated only one and two species, respectively. Unexpectedly, the resolving power of trnH-psbA was lower than rbcLa since it did not differentiate any species in this clade (Fig.S1 ). In twomarker combinations also only those combinations, which included matK differentiated all species of this section. However, all the three-marker combinations differentiated this section very well (Fig.2, Fig. S3 ). The degree of species resolution for individual barcode regions ranged between 56 and 100%, which was significantly enhanced in multi-region combinations. Three of the two-marker combinations and all the three-marker combinations showed 100% species resolution ( Table 2 ). Inclusion of matK as a member of multi-locus D r a f t 9 combination consistently showed better species resolution. Phylogenetic trees constructed using matK marker alone or in combination with rbcLa or trnH-psbA showed better species resolution in Lamiaceae (Theodoridis et al. 2012) . Species resolution in the recently evolved genus Holcoglossum in Orchidaceae was found to be the best with matK marker, which was further improved when combined with ITS marker (Xiang et al. 2011) .
Conclusion
The present study showed that matK either alone or in combination with ITS2 or trnH-psbA is best suited for species identification in Hibiscus. Therefore, DNA barcoding using these markers can be successfully used for authentication of the plant materials derived from this genus. Page 18 of 24
